The potential abilities of 3-methylbenzaldehyde derived from Myosotis arvensis oil and its structural analogues to act as new acaricide and mite kit (mite color deformation) against Tyrophagus putrescentiae (Schrank) were evaluated in the present study. Based on the LD 50 values, 2,4,5-trimethylbenzaldehyde (0.78 μg/cm 3 ) had highest vapor action against T. putrescentiae, followed by 2,4-methylbenzaldehyde (1.14 μg/cm 3 ), 2,5-dimethylbenzaldehyde (1.29 μg/cm 3 ), 2-methylbenzaldehyde (1.32 μg/cm 3 ), 2,3-dimethylbenzaldehyde (1.55 μg/ cm 3 ), 3-methylbenzaldehyde (1.97 μg/cm 3 ), and 4-methylbenzaldehyde (2.34 μg/cm 3 ). The color deformation of seven methylbenzaldehyde analogues mixed with 2,3-dihydroxybenzaldehyde against T. putrescentiae showed mite color deformation, from coloress to reddish brown, and valuable to distinguish with the naked eye. In addition, there was no antagonistic interactions between 2,3-dihydroxybenzaldehyde and the methylbenzaldehyde analogues. These finding suggests that the methylbenzaldehyde analogues could be developed as dual functional agent to protect from fall in the commercial value of stored food products.
Results and Discussion
The essential oils of M. arvensis aerial parts and seeds were extracted with a yield of 0.081 and 0.046%, respectively. The acaricidal toxicities of the essential oils of M. arvensis aerial parts and seeds were evaluated to determine the vapor and contact actions of M. arvensis oils against T. putrescentiae ( Table 1 ). The commonly used benzyl benzoate served as positive control of comparison in toxicity tests. In comparison with the LD 50 value for the vapor action, the essential oils of M. arvensis aerial parts (LD 50 , 7.78 μg/cm 3 ) and seeds (12. 72 μg/cm 3 ) were about 2.02 and 1.23 times more toxic than benzyl benzoate (15.74 μg/cm 3 ) as a positive control against T. putrescentiae. For the contact action, the essential oil of M. arvensis aerial parts (6.33 μg/cm 2 ) and seeds (10.38 μg/ cm 2 ) were 1.90 and 1.16 times more active than benzyl benzoate (12.0 μg/cm 2 ). The negative control, designated as acetone, exhibited no toxicity against T. putrescentiae with the vapor and contact actions.
To further explore the acaricidal activities of two types of the essential oils against T. putrescentiae, the components of the essential oils of M. arvensis aerial parts and seeds were investigated by GC-MS analysis. The components identified by GC-MS analysis, their retention time, retention index, and area percentages are displayed in Table 2 . The major components in the essential oil of M. arvensis aerial parts were 3-methylbenzaldehyde (10.18%), oleamide (9.37%), dodecane (6.51%), acetoxyacetic acid, undecyl ester (6.34%), hexachloroethane (6.21%), 2-hexyl-1-octanol (5.76%), 1-tridecanol (5.74%) and 3-decen-1-ol (5.28%). In the essential oil of M. arvensis seeds, the major components were β-farnesene (16.52%), oleamide (14.12%), butyl isothiocyanate (12.20%), hexadecanoic acid (9.34%), and phenylacetaldehyde (6.97%). Previous investigations into the essential oils of M. arvensis collected in different regions of the world have found the major components to be 3-methylbenzaldehyde (42.76%), hexadecanoic acid (15.18%), 2-hexyl-1-octanol (11.89%), and 4-nitrophenyl ester o-toluic acid (7.47%) 19 . In this regard, some constituents of the essential oils derived from herb plants are influenced by various internal or external factors such as the geographical location, extraction method, plant species, plant parts, and harvest time as well as storage time of plants 26, 27 .
The acaricidal activities of twenty major commercial constituents (butyl isothiocyanate, 3-chloro-2,4-pentanedione, diacetone alcohol, dodecane, hexachloroethane, hexadecanoic acid, 3-methylbenzaldehyde, nonanal, octanal, 3-octanone, oleamide, 2-pentylfuran, pentadecane, phenylacetaldehyde, 2-phenyl-2-imidazoline, tetradecanoic acid, 1,1,3,5-tetramethylcyclohexane, 1-tridecanol, and 1,2,3,-trimethylbenzene) derived from the two essential oils of M. arvensis aerial parts and seeds were evaluated using vapor bioassays against T. putrescentiae (Table 3 ). Based on the LD 50 values of butyl isothiocyanate, 3-methylbenzaldehyde, nonanal, and 3-octanal in two essential oils using the vapor bioassay were 2.62, 1.97, 4.96, and 3.23 μg/cm 3 respectively, and several constituents, including 3-chloro-2,4-pentanedione, diacetone alcohol, dodecane, hexachloroethane, hexadecanoic acid, octanal, oleaminde, 2-pentylfuran, phenylacetaldehyde, 2-phenyl-2-imidazoline, pentadecane, tetradecanoic acid, 1,1,3,5-tetramethylcyclohexane, 1,2,3-trimethylbenzene, and 1-tridecanol (>19.5 μg/cm 3 ), failed to show a acaricidal effect even at the highest concentrations tested.
Due to the potent toxicity of 3-methylbenzaldehyde derived from essential oil of M. arvensis aerial part, the structure-toxicity relationships between the methylbenzaldehyde/hydroxybenzaldehyde analogues and acaricidal toxicities against T. putrescentiae were pursued. 3-Hydroxybenzaldehyde, In this regard, the methylbenzaldehyde analogues were more toxic than hydrobenzaldehyde and benzyl benzoate against T. putrescentiae, as has been described by some studies 28, 29 .
Oh et al. 28 reported that the methylaceotphenone analogues (2′-, 3′-, and 4′-methylacetophenone) possessed potent toxicity against T. putrescentiae, Dermatophagoides pteronyssinus, and D. farinae, but the hydroxyacetophenone analogues (2′,4′-and 2′,6′-dihydroxyacetophenone) had no acaricidal toxicity. Furthermore, Lee & Lee 29 suggested that the acaricidal toxicity of 2-methyl-1,4-naphthoquinone containing the CH 3 functional group on 1,4-naphthoquinone was greater than that of 2-hydroxy-1,4-naphthoquinone conjugating the OH functional group on 1,4-naphthoquinone against T. putrescentiae, D. pteronyssinus, and D. farinae. The lack of the acaricidal activity of hydroxybenzaldehyde analogues is may be connected to lack of CH 3 functional group. In this regard, 2,4,5-trimethylbenzaldehyde which is conjugated with three CH 3 functional group at position 2′-, 4′-, and 5′, exhibited the highest vapor and contact toxicities against T. putrescentiae. The color deformation of T. putrescentiae when treated and not treated with the methylbenzaldehyde and hydroxybenzaldehyde analogues was viewed with a microscope. Specifically, the cuticle of T. putrescentiae treated Table 2 . Analysis of the components of the essential oils of the Myosotis arvensis aerial parts and seeds ( a M. arvensis aerial parts; b M. arvensis seed). with 2,3-dihydroxybenzaldehyde showed color deformation to reddish brown, and stored food mites not treated with 2,3-dihydroxybenzaldehyde were colorless (see Supplementary Fig. S1 ). The color deformation of T. putrescentiae by the other methylbenzaldehyde and hydroxybenzaldehyde analogues was not observed in the vapor and contact actions, with the exception of 2,3-dihydroxybenzaldehyde. Therefore, we performed more in-depth Table 3 . Acaricidal toxicity of hydroxybenzaldehyde analogues, methylbenzaldehyde analogues and synthetic acaricide against T. putrescentiae, using a vapor bioassay ( a LD 50 is the average of 5 determinations, with 30 adult mites per replication; Exposed for 24 h). tests of color deformation effects in order to determine 2,3-dihydroxybenzaldehyde to use as acaricidal additive of color deformation against T. putrescentiae (Fig. 2) . The color deformation of seven methylbenzaldehyde analogues mixed with 2,3-dihydroxybenzaldehyde, respectively at 9:1 to 1:9 ratio against T. putrescentiae showed color deformation to reddish brown and valuable to distinguish with the naked eye. There was no significant difference in color deformation effects among ten ratios of each compound (9:1 to 1:9). According to a previous study, the color deformation of the insect and mite cuticles is related to benzene metabolism by the defense system in plants and action of phenoloxidase 30, 31 . Phenoloxidase is uniquely related to physiologically important biochemical processes, such as sclerotization of cuticle, defensive encapsulation, and melanization of foreign organisms 30 . Xue 31 reported that the hydroxybenzaldehyde analogue, 2-hydroxybenzaldehyde, exhibited inhibitory effects on phenoloxidase against Pieris rapae larvae. Several researches have argued that high levels of cuticular dopamine affect the black pigment melanin in Blattella germanica 32 , Drosophila melanogaster 33 , Manduca sexta 34 , and Tribolium castaneum 35 . In addition, according to a previous study, the synthesis of N-β-alanyldopamine allows for sclerotization of proteins and brown cuticle pigmentation 34, 35 .
Based on the Wadley's determination for the vapor action (Table 6) , 2-methylbenzaldehyde (R 50 = 0.98, R 95 = 0.73), 3-methylbenzaldehyde (R 50 = 1.19, R 95 = 1.03), 4-methylbenzaldehyde (R 50 = 1.38, R 95 = 1.36), 2,3-dimethylbenzaldehyde (R 50 = 0.98, R 95 = 0.94), 2,4-imethylbenzaldehyde (R 50 = 0.76, R 95 = 0.93), 2,5-dimethylbenzaldehyde (R 50 = 1.17, R 95 = 1.24), and 2,4,5-dimethylbenzaldehyde (R 50 = 1.02, R 95 = 0.92) mixed with 2,3-dihydroxybenzaldehyde respectively, showed additive interactions. For the contact action (Table 7) , 2-methylbenzaldehyde (R 50 = 1.18, R 95 = 0.97), 3-methylbenzaldehyde (R 50 = 1.30, R 95 = 1.35), 4-methylbenzaldehyde (R 50 = 1.64, R 95 = 1.57), 2,3-dimethylbenzaldehyde (R 50 = 0.93, R 95 = 0.60), 2,4-imethylbenzaldehyde (R 50 = 1.04, R 95 = 0.95), and 2,4,5-dimethylbenzaldehyde (R 50 = 0.97, R 95 = 1.48) mixed with 2,3-dihydroxybenzaldehyde respectively, showed additive relationship. When 4-methylbenzaldehyde or 2,5-dimethylbenzaldehyde were mixed with 2,3-dihydroxybenzaldehyde, respectively, 4-methylbenzaldehyde +2,3-dihydroxybenzaldehyde (R 50 = 1.64, R 95 = 1.57) and 2,5-dimethylbenzaldehyde +2,3-dihydroxybenzaldehyde (R 50 = 1.63, R 95 = 1.60) showed synergistic interactions. These findings demonstrate that 2,3-dihydroxybenzaldehyde changed the color of T. putrescentiae from colorless to reddish brown, but does not affect the acaricidal activities of methylbenzaldehyde against T. putrescentiae. Synergistic and antagonistic acaricidal and insecticidal effects have been observed in between essential oils as well as between components of essential oils 36, 37 . Previous study found that synergistic insecticidal interaction between camphor and 1,8-cineol to Trichoplusia ni is connected with the enhanced penetration of camphor 38 . In our study, no antagonistic interaction was observed indicating that the color deformation effects of 2,3-dihydroxybenzaldehyde on T. putrescentiae was independent of acaricidal activity of the methylbenzaldehyde analogues.
The present results implicate M. arvensis oil, 3-methylbenzaldehyde and its structurally related analogues as promising natural products of acaricides against T. putrescentiae. Interestingly, color deformation on the cuticle of T. putrescentiae from transparent to reddish brown was observed with the treatment of methylbenzaldehyde analogues with 2,3-dihydroxybenzaldehyde. In this regard, 2,3-dihydroxybenzaldehyde could be use as the acaricide additive for color deformation to protect from fall in the commercial value of stored food products. Since most mites are invisible to the naked eye, infestations can be difficult to detect until the mites become problematic. A major benefit of this methods is that it can be detected by changing the color of the T. putrescentiae. In the registration process, the fact that M. arvensis is inexpensive plant which can be easily cultivated, the cost would not be a problem for the commercial development of 3-methylbenzaldehyde isolated from M. arvensis. As to questions on possible toxicity of M. arvensis oil, the fact that it is treatment of malignant tumor of the oral cavity as folk medicine is indicative of its non-toxicity to humans 19 . Factors such as compound cost, dose, persistence, volatility and availability will be important, but determining the effective method for field application of acaricide will be crucial to success. Methods for combining our compounds with diatomaceous earth (DE) may be appropriate and adaptable for field application in organic farming. There is strong evidence that DEs can be successfully used in combination with other control strategies such as entomopathogenic fungi 38 , plant derivatives 39 , low doses of pyrethroids 40 , or even predators 41 . Therefore, further investigation of the interaction between mite kit and other acaricide, is necessary to exploit this promise.
Materials and Methods
Chemicals and sample preparation. Benzyl benzoate (99%), butyl isothiocyanate (98%), 3-chloro-2,4-pentanedione (95%), diacetone alcohol (98%), 2,3-dihydroxybenzaldehyde (98%), 2,4-dihydroxybenzaldehyde (97%), 2,5-dihydroxybenzaldehyde (98%), 2,3-dimethylbenzaldehyde (97%), 2,4-dimethylbenzaldehyde (90%), 2,5-dimethylbenzaldehyde (99%), dodecane (99%), hexachloroethane (99%), hexadecanoic acid (99%), 3-hydroxybenzaldehyde (99%), 4-hydroxybenzaldehyde (98%), 2-methylbenzaldehyde (97%), 3-methylbenzaldehyde (97%), 4-methylbenzaldehyde (97%), nonanal (95%), octanal (99%), 3-octanone (98%), oleamide (99%), 2-pentylfuran (98%), phenylacetaldehyde (90%), 2-phenyl-2-imidazoline (98%), pentadecane (99%), tetradecanoic acid (99%), 1,1,3,5-tetramethylcyclohexane (95%), 1-tridecanol (97%), 1,2,3-trimethylbenzene (90%), 2,4,5-trihydroxybenzaldehyde (99%), 2,4,5-trimethylbenzaldehyde (97%), 3,4,5-trihydroxybenzaldehyde (98%), and 2,3,4-trihydroxybenzaldehyde (98%) were obtained from Tokyo Chemical Industry (Tokyo, Japan) and Sigma (St. Louis, MO, USA). The Myosotis arvensis L. aerial parts (50 g) and seeds roots (50 g) were purchased from an herbal store and extracted by steam distillation 22 . Essential oils were concentrated using an evaporator at 26 °C.
Rearing of T. putrescentiae.
The rearing method for T. putrescentiae modified by Yang et al. 42 was utilized.
Food and grain feed was made up of yeast and fry powder located in the rearing plastic box (16 × 12 × 5.9 cm) at 24.9 °C and 74.6% relative humidity in an incubator. Protein content in the powder was over 48.9%.
Acaricidal toxicity. The acaricidal toxicities of 3-methylbenzaldehyde derived from M. arvensis oil and its analogues were measured with the contact and vapor methods against T. putrescentiae. The contact and vapor methods were slightly modified from the method described by Lee and Lee 43 . The sample concentrations were a wide range from 20.0-0.02 μg/cm 2 . The sample dissolved in acetone (10 μL) were applied to filter paper (1 mm thickness × 8 mm i.d.), and dried for 11 min. The filter paper was moisturized by 5 μL distilled water and then placed in the cap of a microtube (2 mL, Greiner Bio-One GmbH, Germany). After preparing the bioassay, groups consisting of 30 randomly selected adult mites (7-10 days old) were inoculated in each microtubes, and the lid was closed. Acetone and benzyl benzoate was applied as the negative control and the positive control, respectively. For the vapor action, various concentration (20.0-0.02 μg/cm 3 ) of test samples were applied to the filter paper (55 μm thickness × 5 cm). Each filter paper was placed in the petri dish (8 mm deep × 5 cm i.d.) lid after the treated and dried for 11 min. The filter paper was moisturized by 20 μL distilled water and then mites of 30 individuals (7-10 days old) were separately inoculated in each petri dish. Treatments for the contact and vapor methods were Table 5 . Acaricidal toxicity of hydroxybenzaldehyde analogues, methylbenzaldehyde analogues and synthetic acaricide against T. putrescentiae, using a contact bioassay ( a LD 50 /LD 95 is the average of 5 determinations, with 30 adult mites per replication. b RT 50 , Relative toxicity = LD 50 value of benzyl benzoate/LD 50 value of each compound; Exposed for 24 h). Color deformation effects of methylbenzaldehyde analogues with acaricidal additive against T. putrescentiae. To between the expected and observed LD 50 and LD 95 values were compared as R = expected LD 50 (LD 95 )/observed LD 50 (LD 95 ). The relationship between the methylbenzaldehyde analogues and 2,3-dihydroxybenzaldehyde as defined as either synergistic (when R > 1.5), additive (1.5 ≥ R > 0.5) or antagonistic (R ≤ 0.5) based on above model 37 .
Statistics. Data obtained for each dose response bioassay were subjected to probit analysis. The LD 50 value, LD 95 value and the slope of the regression lines were determined by statistical package SPSS, version 12.0 for Windows. Relative toxicity (RT) was determined by the ratio of the commercial acaricide LD 50 value to the LD 50 value observed for each compound 45 .
